Multidomain single crystal properties can be more accurately deduced from measured multidomain data instead of single-domain data, especially for the shear properties and clamped dielectric permittivities, which are strongly influenced by domain wall contributions and domain-domain interactions in the material. Using the above finding, the property matrices of Pb͑Zn 1/3 Nb 2/3 ͒O 3 − ͑6-7͒%PbTiO 3 , Pb͑Zn 1/3 Nb 2/3 ͒O 3 − 4.5%PbTiO 3 , and Pb͑Mg 1/3 Nb 2/3 ͒O 3 −28%PbTiO 3 Over the past decade, it has been shown that relaxor ferroelectric single crystals, notably Pb͑Zn 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PZN-PT͒ and Pb͑Mg 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PMN-PT͒, exhibit exceptionally high dielectric and electromechanical properties compared to state-of-the-art lead zirconate titanate ͑PZT͒ ceramics with minimum hysteresis even when driven at relatively high voltages.
1,2 With improved growth techniques, large-size high-uniformity PZN-PT and PMN-PT single crystals have been successfully grown by several groups. [3] [4] [5] [6] [7] [8] [9] [10] High longitudinal and transverse piezoelectric properties were obtained when the crystals were poled in the ͓001͔ crystal direction instead of the ͓111͔ spontaneous polarization direction. Device design with anisotropic materials is relatively complicated involving the use of property matrices and computer simulation technique. The anisotropic nature of these single crystals thus needs to be properly understood before one incorporates them into devices. These property matrices can be measured experimentally by the resonance and ultrasonic techniques or their combination. [20] [21] [22] Using the resonance technique, the measured property
T cut has been obtained by Jin and co-workers. 19 Their results are reproduced here in Table I . The measured property matrices for ͓100͔ L ϫ ͓001͔ T ͑P͒ cut of PZN-4.5%PT, 20 PZN-͑6-7͒%PT, 23 and PMN-28%PT ͑Ref. 24͒ single crystals have also been determined by earlier researchers and are listed in Table II for easy reference. More recently, the measured property matrices of ͓001͔-poled PZN-͑6-7͒%PT single crystal but of ͓110͔-length cut has been constructed and refined by Shukla and co-workers. 14, 15 Their results are listed in row 1 of Table   III for easy reference. All the above property values are hereafter referred to as the experimentally deduced ͑ED͒ properties. Instead of experimental measurements, the coordinate transformation approach can be used to deduce the property matrices provided that at least one complete set of property matrix of a known set of crystal axes is available. 25 The relation between the property values with respect to any two different sets of axes is defined by the transformation matrix ͓a͔. In Cartesian coordinates ͑x , y , z͒ system, this is done by means of three successive anticlockwise rotations in a sequence. These three successive angles of rotation are called the Euler angles ͑, , ͒. Several conventions are in use depending on the axes about which rotations are carried out. 26 Here we shall use the zxz convention; i.e., the initial set of axes is first rotated by an angle about the z-axis ͑via rotation matrix ͓a 1 ͔͒, then by an angle about the x-axis ͑via rotation matrix ͓a 2 ͔͒, and finally by an angle about the z-axis ͑via rotation matrix ͓a 3 ͔͒. The resultant rotation matrix ͓a͔ is a 3ϫ 3 matrix given by a͒ Authors to whom correspondence should be addressed. Electronic addresses: mpelimlc@nus.edu.sg and gandhi@iitb.ac.in. 
works conveniently for properties of lower rank tensors in nature such as polarization ͑p͒, dielectric permittivity ͑͒, stress ͑T͒, and strain ͑S͒. For properties of higher order tensors in nature, it is more convenient to use the complete 6 ϫ 6 transformation matrix directly. 27 Let ͓M͔ and ͓N͔ be the Bond stress transformation matrix and the Bond strain transformation matrix, respectively. The various transformed properties, i.e., dielectric permittivity ͑͒, piezoelectric strain coefficient ͑d͒, piezoelectric stress coefficient ͑e͒, compliance ͑s͒, and stiffness ͑c͒ can thus be obtained via the following expressions: where i , j , ... ,o, p = x , y , z, and ͓a͔ , ͓M ͔, and ͓Ñ ͔ are the transposes of the matrices ͓a͔, ͓M͔, and ͓N͔, respectively. The unprimed property matrices are the measured properties using the original set of axes and the primed ones are the deduced property matrices with respect to the new set of axes.
In the deduction of property matrices using the abovedescribed technique, the ͓111͔-poled single-domain properties are important for the deduction of multidomain properties of any coordinate axes of interest, which would otherwise require a fair number of test samples and time to generate the property matrices. Such a technique has been used by Liu 15 , and e 15 , as well as clamped dielectric permittivities and their derived properties ͑i.e., 11 S , 33 S , and e 31 ͒. In addition, significant deviation is also observed in free dielectric constant 11 T . Since the S → M transformation technique ignores domain wall contributions and domain-domain interactions, the present finding suggests that such contributions may be important in shear as well as clamped properties of relaxor ferroelectric single crystals. This finding is supported by the result of Delaunay and co-workers, 30 who concluded that the effective properties of the macroscopic system with multidomain structures are a function of singledomain properties and extrinsic contribution of domain walls.
To include the contributions of domain walls and domain-domain interaction, we have also deduced the property matrix of PZN-͑6-7͒%PT of ͓110͔ L ϫ ͓001͔ T cut using the coordinate transformation technique but based on the measured property matrix of ͓100͔ L ϫ ͓001͔ T multidomain single crystal instead ͑row 1 of Table II͒ . This was achieved by rotating the latter property matrix by = 45°, = 0°, and = 0°with respect to its own coordinate axes ͓refer to Fig.  1͑b͔͒ . The deduced property matrix is listed in row 3 of Table  III . They are hereafter referred to as the M → M ͑multidomain-to-multidomain͒ deduced properties.
Comparison with row 1 of the same table shows that except for a few properties ͓i.e., d 15 
D , which are about 30%-40% off͔, the properties deduced from the M → M approach are within 15% of the ED values. This result shows that the M → M approach, which takes account of the contributions from domain walls and domain-domain interaction in the initial set of measured properties, gives better prediction of multidomain properties of relaxor ferroelectric single crystals. The above results indicate that the deduction of unknown multidomain single crystal properties from known multidomain single crystal properties ͑M → M͒ has an advantage over deduction from the single-domain data ͑i.e., via the S → M approach͒.
Although the ED property matrices for ͓110͔ L ϫ ͓001͔ In conclusion, domain wall contributions and domaindomain interactions may be significant when deducing the property matrices of multidomain relaxor ferroelectric single crystals. In this regard, it is advisable to use the M → M approach of axis transformation technique when deducing the property matrices of multidomain crystal of a different cut. Using the said technique, the property matrices of PZN-4.5%PT and PMN-28%PT single crystals of ͓110͔ 
